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Abstract Cytochrome c oxidase is a membrane-bound enzyme
that catalyses the reduction of O2 to H2O and uses part of the
energy released in this reaction to pump protons across the
membrane. We have investigated the effect of addition of Zn2+
on the kinetics of two reaction steps in cytochrome c oxidase that
are associated with proton pumping; the peroxy to oxo-ferryl
(PrCF) and the oxo-ferryl to oxidised (FCO) transitions. The
Zn2+ binding resulted in a decrease of the FCO rate from 820
s31 (no Zn2+) to a saturating value of V360 s31 with an
apparent KD of V2.6 WM. The PrCF rate (V104 s31 before
addition of Zn2+) decreased more slowly with increasing Zn2+
concentration and a KD of V120 WM was observed. The effects
on both kinetic phases were fully reversible upon addition of
EDTA. Since both the PrCF and FCO transitions are
associated with proton uptake through the D-pathway, a Zn2+-
binding site is likely to be located at the entry point of this
pathway, where several carboxylates and histidine residues are
found that may co-ordinate Zn2+. ß 2001 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction
Cytochrome c oxidase belongs to a group of enzymes called
terminal oxidases, which have in common a binuclear centre
consisting of haem a3 and CuB at which the four-electron
reduction of dioxygen to water is catalysed. The electron do-
nor is a water-soluble cytochrome c, which ¢rst donates elec-
trons to a copper site, copper A (CuA). The electrons are then
transferred intramolecularly to haem a and to the binuclear
centre, both located within the membrane-spanning part of
the enzyme. The protons used for reduction of O2 to water
(substrate protons) are taken up speci¢cally from one side of
the membrane and therefore the enzyme must provide proton-
transfer pathways that conduct protons from the bulk solu-
tion to the binuclear centre. In addition, the enzyme uses part
of the free energy released during reduction of O2 to water to
pump protons across the membrane, which also requires pro-
ton-conducting pathways spanning the entire membrane (for
reviews on the structure and function of terminal oxidases, see
[1^4]).
Two proton-transfer pathways have been identi¢ed [5,6]
and shown to be involved in proton transfer (for review see
[7]). In the Rhodobacter sphaeroides cytochrome c oxidase one
of these pathways contains a highly conserved lysine residue
(K(I-362)) and leads from the proton-input side towards the
binuclear centre. The other pathway starts with a highly con-
served aspartate (D(I-132)) and continues via an other highly
conserved residue, glutamic acid of subunit I at position 286
(E(I-286)) towards the binuclear centre, or the output side of
the enzyme. A speci¢c output pathway for pumped protons
has been suggested for the bovine enzyme [8] but the residues
being part of this pathway are not conserved in the bacterial
enzymes investigated to date. In the R. sphaeroides and Para-
coccus denitri¢cans enzymes the corresponding region of the
protein is not used for proton ejection [9,10]. Thus, it is pres-
ently not clear if speci¢c pathways are used to transfer pro-
tons beyond the binuclear centre towards the proton-output
side (see [11]).
Recent studies have shown that in photosynthetic reaction
centres metal ions such as Zn2 or Cd2 inhibit proton uptake
from the bulk solution to the QB site [12,13]. The metal-bind-
ing site was found to be located near the entry point of a
proton-transfer pathway where a cluster of two histidines
and an aspartate bind the Zn2 or Cd2 [14]. A similar e¡ect
was observed with the bc1 complex from bovine heart, where
Zn2 was proposed to bind near a protonatable group of a
proton-transfer pathway, slowing proton transfer through the
pathway [15]. A zinc ion has also been found in the bovine
cytochrome c oxidase [16] where it binds to the nuclear-coded
subunit Vb [17]. Since the removal of the Zn2 ion from the
enzyme does not a¡ect the turnover activity [18], this tightly
bound Zn2 presumably does not play a regulatory role in the
bovine enzyme. A tightly bound zinc ion has not been found
in the structural model of the R. sphaeroides cytochrome c
oxidase (Svensson Ek et al., unpublished) and no such site
has been identi¢ed in the P. denitri¢cans cytochrome c oxidase
[6].
In this study we have investigated the e¡ect of addition of
exogenous Zn2 ions (ZnSO4) on the reaction of fully reduced
cytochrome c oxidase with O2. Using the £ow-£ash technique
we were able to unravel the e¡ect of Zn2 binding on the
kinetics of speci¢c reaction steps of the catalytic cycle, espe-
cially those that are coupled to proton uptake from the bulk
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solution and proton translocation across the membrane (pro-
ton pumping).
2. Materials and methods
Bacteria were grown and the enzyme was puri¢ed as described ear-
lier [19]. After elution of the enzyme from the Ni2-column, 20 mM
EDTA was added to the solution to remove traces of metals. The
EDTA was removed by repetitive dilution and re-concentration of
the enzyme solution (using centricon (Amicon) tubes) in 0.1 M
HEPES^KOH, pH 7.4, 0.1% L-D-dodecyl maltoside (in mQ water).
When the concentration of EDTA was smaller than 2 WM the enzyme
was concentrated to 70 WM and frozen in liquid nitrogen, in which it
was also stored until use. Prior to use, the syringes of the mixing
device (see below) were washed with EDTA and mQ water. All other
glassware were washed with hydrochloric acid and mQ water. All
bu¡ers were prepared using mQ water.
For a detailed description of the preparation of the fully reduced
enzyme and the experimental set-up, see [20]. Brie£y, the enzyme so-
lution in 50 mM HEPES^KOH, pH 7.5 and 0.1% L-D-dodecyl malto-
side was evacuated using a vacuum line and air was exchanged for N2
after which the enzyme was reduced using 2 mM sodium ascorbate
and 0.7 WM PMS (phenazine methosulphate). After formation of the
fully reduced enzyme, N2 was exchanged for CO. The £ow-£ash ex-
periments were performed using a locally modi¢ed rapid-mixing de-
vice with an asymmetric mixing ratio of 5:1 (Applied Photophysics,
DX-17MV). The anaerobic enzyme solution was transferred to the
smaller of the drive syringes (500 Wl total volume) and the other
syringe (2500 Wl total volume) was ¢lled with an O2-saturated bu¡er
solution. About 100 ms after mixing CO was dissociated with a 10 ns,
V50 mJ laser £ash at 532 nm (Nd-YAG laser from Spectra Physics)
which initiated the reaction of the fully reduced enzyme with O2.
After mixing, the enzyme concentration was V3 WM (with 6 0.1
WM EDTA). The cuvette path length was 1.00 cm. The Zn2 (ZnSO4
from Sigma, the purest grade available) solution was added to the
larger syringe prior to mixing. To ascertain that during the mixing
time Zn2 was bound to the enzyme, control experiments were done
in which the enzyme was incubated with Zn2 prior to mixing.
The catalytic activity of cytochrome c oxidase (0.2 nM) was mea-
sured as the rate of oxidation of reduced cytochrome c (initial change
in absorbance at 550 nm, 40 WM cytochrome c) in a bu¡er consisting
of 10 mM HEPES^KOH, pH 7.5, 80 mM KCl, 0.1% L-D-dodecyl
maltoside. Horse-heart cytochrome c (Sigma, type VI) was reduced
to more than 95% by hydrogen gas using platinum black (Aldrich,
WI, USA) as a catalyst. Metal ion solutions were prepared from
CdSO4, CuSO4, MgSO4 (purest grades available).
3. Results
The e¡ect of the addition of Zn2, Cd2, Cu2 and Mg2
on the turnover rate of R. sphaeroides cytochrome c oxidase
was investigated at pH 7.5 (1000 s31 before addition of the
metal ions). The addition of Zn2, Cd2 and Cu2 resulted in
a decrease in the rate, while no e¡ect was observed with
Mg2. The largest e¡ect was observed with Zn2 where the
rate decreased by a factor V7 to reach a saturating level.
Since in these experiments no information was obtained about
the reaction step(s) in which inhibition occurs, we used the
£ow-£ash technique to investigate the e¡ect of metal binding
to cytochrome c oxidase on the kinetics of speci¢c reaction
steps during reaction of the fully reduced enzyme with dioxy-
gen. The reduced enzyme with CO bound to haem a3 at the
binuclear centre was mixed with an oxygen-saturated solution
containing various amounts of Zn2. About 100 ms after mix-
ing, the CO ligand was £ashed o¡ using a short laser £ash.
The following reaction of the R. sphaeroides enzyme with O2
has been investigated in detail previously [20]. First, O2 binds
with a rate constant of 1.2U105 s31 at 1 mM O2. The O2
binding is followed by electron transfer from haem a to the
binuclear centre forming the so-called peroxy intermediate
(Pr) with a rate constant of V2U104 s31. Non of these re-
actions is associated with proton uptake from the bulk solu-
tion and addition of 200 WM Zn2 did not have any e¡ect on
the kinetics of these ¢rst two reaction phases (not shown).
The decay of Pr is associated with formation of the oxo-
ferryl intermediate (F) with a rate constant of 7.4U103 s31,
accompanied by proton uptake from the bulk solution. Fi-
nally, the oxidised enzyme (O) is formed with a rate constant
of V750 s31 [20], also accompanied by proton uptake from
the bulk solution.
Fig. 1 shows absorbance changes at 580 and 445 nm after
£ash photolysis of CO from the fully reduced enzyme in the
presence of O2. At 580 nm the increase in absorbance (dw135
Ws) is associated with formation of F, i.e. the PrCF transition
(Fig. 1A). The slower decrease in absorbance at 445 nm with a
rate constant of 820 s31 (dw1.2 ms) is associated with the
FCO transition (Fig. 1B).
As shown in Fig. 1, the rates of both transitions decreased
upon addition of Zn2. The Zn2 concentration was varied in
Fig. 1. Absorbance changes at 580 nm (A) and 445 nm (B), associ-
ated with reaction of the fully reduced R. sphaeroides cytochrome c
oxidase with oxygen after £ash photolysis (at t = 0) of CO. The ef-
fect of the addition of Zn2 or Zn2/EDTA to the solution is
shown. Experimental conditions after mixing, 3 WM enzyme (the
traces have been scaled to 1 WM reacting enzyme), 50 mM HEPES^
KOH, pH 7.5, 0.1% L-D-dodecyl maltoside, 170 WM CO, 1 mM O2,
T = 22‡C. The concentrations of Zn2 and EDTA are indicated in
the graph. The enzyme solution was reduced using 2 mM sodium
ascorbate and 5 WM PMS (prior to mixing).
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a range up to 1.5 mM and the dependencies of the PrCF and
FCO rates on the Zn2 concentration are shown in Fig. 2.
As seen in Fig. 2, the saturation behaviour was di¡erent for
the two reaction steps. The FCO transition rate decreased
from 820 s31 to V360 s31 with an apparent KD of 2.6 þ 0.5
WM. The PrCF transition rate decreased much slower with
increasing Zn2 concentration (KD = 120 þ 20 WM) and
reached a limiting value of V3000 s31 at high Zn2 concen-
trations. Addition of EDTA resulted in full restoration of the
kinetics to those observed in the absence of Zn2.
Slightly faster PrCF and FCO rates were found in this
study as compared to our earlier studies. This di¡erence is due
to the removal of residual metal ions by washing the enzyme
solution in EDTA prior to the experiment.
Above V10 WM Zn2, biphasic FCO kinetics were ob-
served at 445 nm, while monophasic kinetics were found at
580 nm and 590 nm, where the average rates at 445 nm (single
exponential ¢ts) were slightly slower than those obtained at
580/590 nm (see Section 4).
4. Discussion
We have investigated the e¡ect of binding of Zn2 ions to
cytochrome c oxidase on the kinetics of speci¢c reaction steps
during reaction of the fully reduced enzyme with oxygen. In a
recent investigation it was found that binding of Zn2 and
Cd2 ions to bacterial photosynthetic reaction centres from
R. sphaeroides results in inhibition of proton uptake that fol-
lows light-induced charge separation [12,13]. In the reaction
centres the metal ions were found to be co-ordinated to one
aspartate and two histidine residues at the entry point of a
proton-transfer pathway leading from the bulk solution to the
QB-binding site [14].
The identi¢cation of the Zn2-binding site(s) in cytochrome
c oxidase is more di⁄cult than in the photosynthetic reaction
centres because the investigated reaction steps (PrCF and
FCO) are associated with the uptake of substrate protons
as well as proton pumping (i.e. the uptake and release of
pumped protons). All protons used during the PrCF and
FCO transitions are taken up through the D-pathway, but
not through the K-pathway (for review see [7]). Consequently,
in analogy with the scenario observed with the photosynthetic
reaction centres, it is likely that in cytochrome c oxidase Zn2
binds near the entry point of the D-pathway at which a cluster
of histidine residues and carboxylates is found (see Fig. 3 and
[21,22]).
We have shown previously that during the PrCF transi-
tion, proton transfer to the binuclear centre takes place in two
steps; The proton is transferred internally from E(I-286) to
the binuclear centre forming F, followed by rapid re-protona-
tion of E(I-286) from the bulk solution [22,23]. Thus, even
though the PrCF transition is about 10 times faster than
the FCO transition, a smaller e¡ect of Zn2 at low Zn2
concentrations was observed for the PrCF than for the
FCO transition because the former is rate-limited by an in-
ternal proton transfer and not by proton uptake from the
bulk solution.
E(I-286) is also involved in proton transfer during the
FCO transition, but the transition rate depends more
strongly on the bulk solution pH (unpublished data) and a
large (V7) kinetic isotope e¡ect was observed for the transi-
tion [22]. In addition, the same kinetic isotope e¡ect was
found even if the electron transfer to the binuclear centre
was slowed by two orders of magnitude by increasing the
redox potential of CuA (the electron donor to the binuclear
centre during the FCO transition) [24]. This observation in-
dicates that there is a tight coupling between the electron and
Fig. 2. The PrCF (E, increase in absorbance with dw100 Ws at 580
nm, see Fig. 1A) and FCO (b, decrease in absorbance with dw1
ms at 445 nm, see Fig. 1B) transition rates as a function of the
Zn2 concentration added to the solution. The solid lines are ¢ts of
the data with an Equation derived from CCO+Zn2HCCO^Zn2
(CCO is cytochrome c oxidase), from which the KD values were de-
termined (KD(FCO) = 2.6 þ 0.5 WM, KD(PrCF) = 120 þ 20 WM).
Conditions were as in Fig. 1.
Fig. 3. The structure of cytochrome c oxidase (from R. sphaeroides,
Svensson Ek et al., unpublished) around the entry point to the D-
pathway (A) and from the top (B). In (C) a schematic representa-
tion of cytochrome c oxidase is shown indicating the protein por-
tions that are illustrated in A and B. In A, the position of Asp-
(I-132), at the entry point of the D-pathway, is indicated. Potential
Zn2-binding sites are indicated: surface-exposed Asp and Glu resi-
dues and His residues are shown. Residues within 20 Aî from D-
(I-132) are shown and residues within 10 Aî from D(I-132) are num-
bered. Residues 1^13 of subunit I are not included.
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proton transfer in this reaction step and that both reactions
are slowed when proton uptake from the bulk solution is
slowed.
The observation of di¡erent KD values for the PrCF and
FCO transitions indicates that there are two Zn2-binding
sites. These sites may be found at di¡erent locations or they
may be located adjacent to each other (one low- and one high-
a⁄nity site), a¡ecting proton transfer through the same path-
way. Recently, Mills and Ferguson-Miller (personal commu-
nication) found that Zn2 may inhibit cytochrome c oxidase
from the proton-output side of the enzyme, which suggests
that one binding site may be found on the outside of the
protein (see Fig. 3). An output pathway for pumped protons,
if any, has not been identi¢ed and therefore it is not clear
exactly where pumped protons are released (see [11]). The
binding of Zn2 on this side may provide an electrostatic
barrier for the release of pumped protons. Alternatively, bind-
ing of Zn2 near CuA may result in an increase in the redox
potential of the site, which results in a slowed FCO transi-
tion.
Above V10 WM Zn2, biphasic kinetics were observed for
the FCO transition at 445 nm. A similar behaviour was
observed previously with the bovine cytochrome c oxidase
[20,25] where both kinetic phases are associated with a tran-
sition between the same intermediates (FCO).
A future determination of the three-dimensional structure
of the R. sphaeroides cytochrome c oxidase with bound Zn2
may identify the binding site(s) in the enzyme.
Acknowledgements: We would like to thank Pia Aî delroth and Mark
Paddock (University of California, San Diego, CA, USA) for helpful
discussions, and Andreas Namslauer for experimental assistance.
These studies were supported by grants from The Swedish Natural
Science Research Council.
References
[1] Zaslavsky, D. and Gennis, R.B. (2000) Biochim. Biophys. Acta
1458, 164^179.
[2] Ferguson-Miller, S. and Babcock, G.T. (1996) Chem. Rev. 96,
2889^2907.
[3] Babcock, G.T. and Wikstro«m, M. (1992) Nature 356, 301^309.
[4] Wikstro«m, M. (Ed.), (1998) J. Bioenerg. Biomembr. 30.
[5] Tsukihara, T. et al. (1996) Science 272, 1136^1144.
[6] Iwata, S., Ostermeier, C., Ludwig, B. and Michel, H. (1995)
Nature 376, 660^669.
[7] Brzezinski, P. and Aî delroth, P. (1998) J. Bioenerg. Biomembr.
30, 99^107.
[8] Yoshikawa, S. et al. (1998) Science 280, 1723^1729.
[9] Lee, H.M., Das, T.K., Rousseau, D.L., Mills, D., Ferguson-Mill-
er, S. and Gennis, R.B. (2000) Biochemistry 39, 2989^2996.
[10] P¢tzner, U., Odenwald, A., Ostermann, T., Weingard, L., Lud-
wig, B. and Richter, O.M.H. (1998) J. Bioenerg. Biomembr. 30,
89^97.
[11] Mills, D.A., Florens, L., Hiser, C., Qian, J. and Ferguson-Miller,
S. (2000) Biochim. Biophys. Acta 1458, 180^187.
[12] Paddock, M.L., Graige, M.S., Feher, G. and Okamura, M.Y.
(1999) Proc. Natl. Acad. Sci. U.S.A. 96, 6183^6188.
[13] Aî delroth, P., Paddock, M.L., Sagle, L.B., Feher, G. and Oka-
mura, M.Y. (2000) Proc. Natl. Acad. Sci. 97, 13086^13091.
[14] Axelrod, H.L., Abresch, E.C., Paddock, M.L., Okamura, M.Y.
and Feher, G. (2000) Proc. Natl. Acad. Sci. U.S.A. 97, 1542^
1547.
[15] Link, T.A. and von Jagow, G. (1995) Journal of Biological
Chemistry 270, 25001^25006.
[16] Einarsdo¤ttir, OŁ . and Caughey, W.S. (1985) Biochem Biophys Res
Commun 129, 840^847.
[17] Tsukihara, T.etal. (1995) Science 269, 1069^1074.
[18] Pan, L.P., He, Q.H. and Chan, S.I. (1991) J. Biol. Chem. 266,
19109^19112.
[19] Mitchell, D.M. and Gennis, R.B. (1995) FEBS Lett. 368, 148^
150.
[20] Aî delroth, P., Ek, M. and Brzezinski, P. (1998) Biochim. Biophys.
Acta 1367, 107^117.
[21] Karpefors, M., Aî delroth, P., Aagaard, A., Sigurdson, H., Svens-
son Ek, M. and Brzezinski, P. (1998) Biochim. Biophys. Acta
1365, 159^169.
[22] Karpefors, M., Aî delroth, P., Aagaard, A., Smirnova, I.A. and
Brzezinski, P. (1999) Isr. J. Chem. 39, 427^437.
[23] Smirnova, I.A., Aî delroth, P., Gennis, R.B. and Brzezinski, P.
(1999) Biochemistry 38, 6826^6833.
[24] Aî delroth, P., Karpefors, M., Gilderson, G., Tomson, F.L., Gen-
nis, R.B. and Brzezinski, P. (2000) Biochim. Biophys. Acta 1459,
533^539.
[25] Karpefors, M., Aî delroth, P. and Brzezinski, P. (2000) Biochem-
istry 39, 6850^6856.
FEBS 24733 9-4-01
A. Aagaard, P. Brzezinski/FEBS Letters 494 (2001) 157^160160
